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T
he gospel of Matthew (chapter 8,
verse 14) reports that ‘‘Peter’s
mother-in-law was sick of the
fever,’’ and many commentaries

think that this close relative of the apostle
living in the Galilee �2,000 years ago was
suffering from malaria. The main charac-
teristic of malaria is fever, and periodic
fevers have been reported even �3,000
years ago in early Chinese, Chaldean,
Hindu, Egyptian, and Greek writings (1,
2). It is likely that some, although surely
not all of them, were malarial. Major
discoveries in the late 19th century by
Laveran (identifying Plasmodium as the
pathogen causing malaria) and by Ross
(describing the life cycle of the parasite
and mosquitoes as the vector) led to ad-
vances in partially controlling this devas-
tating disease. It is, however, still affecting
�400 million people worldwide, and its
complications, such as cerebral malaria
caused by Plasmodium falciparum, still
have a high mortality rate (3). The patho-
physiology of the host–parasite interaction
and, particularly, the mechanism of fever
induction in malaria until recently has
been far from being understood. How-
ever, knowledge of the malaria pathology
is urgently needed to potentially develop
novel intervention strategies to efficiently
reduce the high disease burden causing
�2 million deaths per year. In this issue
of PNAS, Parroche et al. (4) report on
a novel mechanism that the host uses to
recognize Plasmodium DNA via the Toll-
like receptor (TLR) 9, which may be a
key step for inducing fever during this
disease. These findings reveal an impor-
tant mechanism of disease pathophysiol-
ogy that may also apply to other microbial
diseases.

The protein family of TLRs has been
discovered recently and was functionally
analyzed by scientists during the last 8
years. Together with the intracellular nod-
like receptors (NLRs), they are key recog-
nition molecules for microorganisms
including viruses, bacteria, and parasites
(5). Engagement of most of the TLRs
triggers a signaling pathway leading to the
translocation of the transcription factor
NF-�B into the nucleus, followed by the
subsequent release of proinflammatory
cytokines. Apart from other activities,
many of these factors induce the activa-
tion of the inducible cyclooxygenase
(COX)-2, which up-regulates prostaglan-
din synthesis, changing the set-point of the
thermoregulatory center of the host lead-
ing to fever (6). One group of the 11
members of the TLR family is located on

the cell surface, recognizing cell wall com-
ponents of microorganisms, whereas the
other group is intracellularly expressed
and recognizes nucleic acids, such as
single-stranded RNA (TLR7 and TLR8),
double-stranded RNA (TLR3), or DNA
(TLR9). The innate immune system is the
first line of defense potentially controlling
microorganisms at an early stage by in-
ducing inflammation and fever. Malaria is
a disease leading to an extremely high
pathogen burden on one hand and a typi-
cally strong febrile response on the other
hand. It thus was of great interest to iden-
tify the specific molecular mechanisms of
the early immune recognition of Plasmo-
dium to understand disease pathophysiol-
ogy and to potentially develop more
successful vaccination and/or antiparasitic
strategies.

Protozoa, such as P. falciparum causing
the most severe form of malaria, contain
a glycosylphosphatidylinositol (GPI) an-
chor on the cell surface, and this molecule
is recognized by TLR2 and TLR4 (re-
viewed in ref. 7). For malaria, however,
the GPI anchor–TLR2 interaction is com-
parably weak; thus, other interactions with
the TLR system have been suggested. Re-
cently, Coban et al. (8) showed that hemo-
zoin, the malaria pigment found in large
quantities in macrophages during malaria,

can stimulate the host via TLR9. These
results were quite surprising because
TLR9 had been convincingly described as
a receptor for DNA, mainly of unmethyl-
ated, CpG-containing DNA, frequently
found in bacteria. In this publication,
‘‘contaminating’’ DNA was ruled out by
DNase treatment and the failure to result
in a reduction in TLR9-stimulating capac-
ity of the hemozoin preparations. Al-
though this discrepancy remains unclear,
the work of Parroche et al. (4) shows that
it is plasmodial DNA instead that stimu-
lates TLR9 of the host and that this
activity is clearly DNase-sensitive. The
Golenbock group (4), in addition, con-
vincingly shows that hemozoin plays a spe-
cific role in presenting the DNA to the
intracellular TLR9; however, it cannot
stimulate the innate immune system by
itself (Fig. 1).

The principle of microbial DNA being
recognized by the host is fascinating, and
the work presented here gives a surprising
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Fig. 1. Potential mechanism of malaria-induced fever. Parroche et al. (4) show that hemozoin contains
plasmodial DNA and that it ‘‘presents’’ or internalizes DNA. Plasmodial DNA then intracellularly interacts
with TLR9, initiating signal transduction leading to the release of proinflammatory cytokines via NF-�B
activation. These cytokines induce COX-2-up-regulating prostaglandins, which subsequently leads to the
induction of fever.
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new example of this defense mechanism.
An interesting paradox, however, is that
although TLR9 is known for recognizing
GC-rich areas typically found, e.g., in bac-
terial DNA, plasmodial DNA has one of
the highest AT contents known in nature.
This AT-richness has even been exploited
for therapeutic strategies against malaria
(9) and could, in my opinion, potentially
explain why malaria parasites remain un-
recognized by the innate immune system,
leading to a high pathogen burden found
only in malaria. On the other hand, the
authors of this study (4) present evidence
that plasmodial DNA, although overall
extremely AT-rich, has small GC-rich re-
gions that are able to stimulate TLR9 effi-
ciently. Although a mere blocking of the
(‘‘physiological’’) fever responses of the
host most likely will not lead to new ther-
apeutic success against this disease, this
interaction of plasmodial DNA with
TLR9 could lead to new strategies for
malaria vaccines and immunomodulation
because TLR9-engagement is known for
its strong adjuvant potential, which cur-
rently is tested for tumor-vaccination
strategies and many other areas of immu-
nomodulation (10). TLR interaction of
Plasmodium may also be involved in a
phenomenon called malaria tolerance or
semiimmunity (11). Here, individuals, af-
ter having recovered from malaria dis-
ease, upon subsequent encounters with
the parasite, present with parasitemia
without becoming severely ill. Based
on the findings of Parroche et al. (4), plas-
modial DNA–TLR9 interaction could
represent a mechanism for this ‘‘malaria
tolerance,’’ which, if true, could also be
exploited therapeutically in the future.
The data obtained by Parroche et al.
could finally give an additional explana-
tion for the mechanism of action of the
antimalaria drug chloroquin: This sub-
stance is known to interfere with both
hemozoin formation and nuclease activity
on one side and intracellular TLR9 pro-
cessing by blocking endosomal acidifica-
tion on the other (12). If this interference

with the DNA–TLR9 interaction proved
to be the major mechanism of action of
this efficient antimalarial drug, it would
show that the mechanism described is of
central importance for malaria pathology.
In an animal model, for example, it has
been shown previously that chloroquin
completely protects from cytokine release
induced by CpG oligonucleotide–TLR9
interaction (13).

Very recently, it was shown in a
mouse model of cerebral malaria em-
ploying Plasmodium berghei that defi-
ciency in both TLR2 and TLR9 protects
from the lethal outcome of infection
(14). Although this model may not be
able to perfectly mimic human malaria,
it supports the notion that blocking of
TLR9 could potentially modulate the
disease in humans. TLR9-blocking sub-
stances such as specific oligonucleotides
are currently being developed and tested
by several companies (15) and, poten-
tially, should be tested as antimalaria
strategy as well.

Analyzing the genome of patients and
relating it to disease susceptibility in
recent years has revealed individual ge-
netic variations of the TLR system to
influence disease susceptibility substan-
tially (16). We recently published results
from genotyping studies originating
from Ghana, Africa, supporting the role
of TLR9 during malaria: It is known
that pregnant women developing ma-
laria carry a particularly high risk for
both maternal and child complications,
causing the death of up to 10,000 preg-
nant women and 200,000 newborns an-
nually (17). It is also known that in the
placenta, extremely large quantities of
hemozoin are accumulating during this
disease. We found that in women with
malaria during pregnancy, certain ge-
netic variants of TLR9 predispose for
low birth weight of the child (18). In
contrast, overall susceptibility to malaria
in this study did not seem to associate
with the genetic TLR9 variants tested
here; such a correlation, however, was

found for TLR4 SNPs, whereas other-
wise frequent TLR2 SNPs, surprisingly,
were completely absent (19).

Genetics of the Anopheles gambiae
mosquito, the major vector for P. falci-
parum, recently gave further support for
the notion that the TLR system plays a
crucial role in disease development: Re-
sistance against P. falciparum as a pre-
requisite of this insect to be the vector
of Plasmodium could be linked to a ge-
netic area within A. gambiae coding for
two novel leucine-rich-repeat (LRR)-
containing proteins termed APL1 and
APL2 (20). These proteins very likely
represent a defense system equivalent to
the TLR/NLR system of mammals (also
typically containing LRRs), and a ge-
netic defect that is crucial for resistance
of the mosquito against Plasmodium
supports the central role of this host
system for malaria defense.

In summary, the work of Parroche et
al. elucidates an important step in ma-
laria pathophysiology and, particularly,
resolves a long-time mystery: Why and
how does malaria cause fever? It also
corrects previous findings claiming that
hemozoin is a direct TLR9 stimulus and
refines them by showing that hemozoin
itself is important for presenting the
DNA to TLR9 but does not stimulate
the receptor. Although it is too early to
predict how these findings will influence
the development of future malaria treat-
ment options, it is likely that it will open
new pathways of interference with the
malaria fever reaction, and this may
influence the course of disease. The
biblical story quoted earlier ends with
a miraculous healing of the fever of
Peter’s mother-in-law. Because we may
not want to rely only on miracles today
when it comes to this still-devastating
disease, we may, in the future, be able
to develop scientifically founded ways
to interfere with the fever based on the
findings presented here and, hopefully,
gain new prophylactic and treatment
options for an old but still too up-to-
date disease.
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